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(57) Abstract: A projection 3 is pressed into first and second members Wl and W3 with a predetermined pressure, while rotating a 
rotary tool 1 at a preset rotational speed, such that the first and second members Wl and W2 are sandwiched by the rotary tool 1 and 
stationary tool 10. The projection 3 rotates in these members to cut member textures around it, thereby generating heat f^«he™;o'e- 
the cuttings foimed by cutting with the projection 3 are accumulated in the members and agitated by the two tools 1 and 10 to collide 
against the surrounding member textures and the projection 3. thereby generating heat. Also, a first shoulder 2 is pressed in with a 
predetermined pressure and lotated to generate heat, thereby fusing the cuttings. While the plastic nowof the sunounding member 
textures is promoted, the first shoulder 2 is held at the predetermined pressure and rotational speed. The pressure per unit area is 
thus increased to increase the volume of plastic fiow. When the rotary tool is pulled out while being rotated, the member textures 
that have been plastically flowing are cooled and joined to each other. 
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DESCRIPTION 

jOININCS METHOD .AND APPARATUS USING FRICTIQNAL AGITATION 

TECHNICAL FIELD 
5 The present invention relates to a joining or bonding 

method and apparatus for fusing and agitating a metal member 
such as castings or a plate material by friction. 

BACKGROUND ART 

10 According to a conventional joining technique, plate 

materials, or metal members each press-molded in advance 
intd a three-dimensional shape, are overlaid on each other, 
and are joined with each other by electrical resistance 
welding, arc welding, an adhesive, bolt fastening, rivets, 

15 or the like. 

When the metal members have complicated 
three-dimensional shapes, spot welding that can locally 
join a plurality of discrete joining portions is used. 

According to another joining technique, a joining 
20 method of performing frictional agitation in an unfused 
state is disclosed in Japanese Patent No. 2712838. 
According to this joining technique, a projection called 
a probe is inserted and translated, while being rotated, 
into a joining surface formed by abutting two members 
25 against each other. The metal textures in the vicinity of 
. the joining surface are plasticized and joined by 
frictional heat. 
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Japanese Patent Laid-open Nos. 10-183316 and 
2000-15426 disclose a surface treating method in surface 
treating castings such as a contact surface of a cylinder 
head with respect to a cylinder block. : According to this 

5 method, a rotary tool with a projection formed at the 
shoulder of its distal end is pressed int9 the casting while 
being rotated, so that agitation is performed when the 
casting is not fused by heat. 

Frictional agitation joining in the unfused state 

10 described above has the following problems . The 

rotational speed and pressure of the rotary tool cannot be 
increased very high. As the area of that receiving surface 
of a stationary tool which abuts against the member is 
larger than that of the projection projecting from the 

15 distal end of the rotary tool, the pressure is dispersed 
over the entire surface of the receiving surface. The 
frictional heat generated by rotation of the rotary tool 
is dissipated over the entire surface of the receiving 
surface. Consequently, joining takes time. 

20 Therefore, if the rotational speed of the tool, 

forcing amount of the tool, traveling speed of the tool, 
and the like are increased more than necessary, joining may 
become incomplete, or the joined portion may be undesirably 
fused. Hence, to shorten the joining time is limited. 

25 According to the above conventional joining 

technique, control parameters such as. rotational speed and 
forcing amount of the tool which are optimal for the 
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thickness or material of the member are obtained in advance 
by an experiment or the like . When members different from 
those in the conventional case are to be joined due to a 
design change, optimal control parameters must be obtained 
5 again by an experiment or the like. Quality evaluation for 
the joining strength and the like is performed ..through a 
tensile test or the like by using a sample formed by actual 
joining. This requires a separate inspection process. 

Therefore, if quality evaluation of actually joined 

10 members can be performed along with joining by using control 
parameters, quality evaluation of the members can be 
performed each time joining is performed. Thus, mass 
production can be coped with appropriately. Furthermore, 
when members different from those in conventional members 

15 are to be joined due to a design change, optimal control 
parameters can be calculated easily. This is very 
effective in improving the yield by suppressing defective 
products. 

However, no system that evaluates the quality as 
described above in frictional agitation joining has been 
developed yet . 



20 



DISCLOSURE OF INVENTION 

The present invention has been made in view of the 
25 above problems, and has as its object to provide a joining 
method and apparatus using frictional agitation, with which 
heat. dissipation from the joined portion is suppressed and 
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the joining time is shortened/ so that the joined state can 
be stabilized. 

It is another object of the present invention to 
provide a joining method and apparatus'^. using frictional 
5 agitation, with which the joined state of members can be 

managed along with joining, so that a sejparate inspection 

' - ,1 
process is not necessary. 

In order to solve the above problems and to achieve 
the above objects according to the present invention, a 

10 joining method using frictional agitation of rotating a 
rotary tool which has a f irst tool portion and a second tool 
portion with an area smaller than that of the first tool 
portion and projecting from a distal end of the first tool 
portion, overlaying first and second members with each 

15 other, and performing agitation with friction, thereby 
joining the first and second members, comprises urging and 
pressing the rotary tool into the first member from the 
second tool portion while the rotary tool is being rotated, 
cutting the member around the rotary tool by rotating the 

20 rotary tool in the member into which the rotary tool has 
been pressed, fusing the cut member by agitation by the 
first tool portion with friction in the member, and 
extending the region to be fused to the second member to 
join the first and second members to each other. 

25 When compared to conventional welding, a current and 

the like required for welding become unnecessary, so the 
joining time can be shortened. 
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Preferably, when joining is ended, the rotary tool 
is retracted in a rotating state from the roeinbers. Thus, 
the joined portion is cooled after that, and joining is 
completed. 

5 Preferably, a stationary tool is arranged to oppose 

the rotary tool so that the first and second members are 

sandwiched by the stationary tool and rotary tool and such 

that a separation distance with respect to the rotary tool 

can be changed, and that distal end of the stationary tool 

10 which opposes the rotary tool is formed to have 

substantially the same area as that of a distal end of the 

secdnd tool portion of the rotary tool. Thus, heat 

dissipation from the joined portion is suppressed, the 

joining time is shortened, and the joining strength can be 

15 increased. 

Preferably, the joining method further comprises the 

joining management step of detecting a heat generating 
state of the members during joining, detecting a forced 
state of the rotary tool with respect to the members, 

20 detecting a joined state of the members from the heat 

generating state and forced state, and checking whether the 
joined state of the members is good or not from the joined 
state. Thus, the joined state of the members can be managed 
during joining, so a separate inspection process becomes 

25 unnecessary. Whether the members are joined well or not 
can be managed by using control parameters used during 
joining. 
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Preferably/ a generated heat amount of the heat 
generating state is calculated on the basis of a coefficient 
of kinetic friction of the members and a load acting on the 
members, and a forcing amount of the forced state is 
5 . calculated on the basis of an encoder output of a motor that 
vertically moves the rotary tool with res|iect to the members . 
Thus , the j oined state of the members can be managed by using 
control parameteirs used during joining. 

According to the present invention, a joining 
10 apparatus using frictional agitation of rotating a rotary 
tool which has a first tool portion and a second tool portion 
with an area, smaller than that of the first tool portion 
and projecting from a distal end of the first tool portion, 
overlaying first and second members with each other, and 
15 performing agitation with friction, thereby joining the 
first and second members, comprises tool control means for 
urging and pressing the rotary tool into the first member 
from the second tool portion while the rotary tool is being 
rotated, cutting the member around the rotary tool by 
20 rotating the rotary tool in the member into which the rotary 
tool has been pressed, fusing the cut member by agitation 
of the first tool portion with friction in the member, and 
extending the region to be fused to the second member to 
join the first and second members to each other. 
25 When compared to conventional welding, current and 

the like required for welding become unnecessary, so the 
joining time can be shortened. 
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Preferably, a stationary tool is arranged to oppose 
the rotary tool so that the first and second members are 
sandwiched by the stationary tool and rotary tool and such 
that a separation distance with respect to the rotary tool 
5 can be changed, and that distal end of the stationary tool 
which opposes the rotary tool is formed to have a sectional 
area smaller than at least that of a first tool portion of 
the rotary tool. Thus, heat dissipation from the joined 
portion is suppressed, the joining time is shortened, and 
10 the joined state is stabilized. 

Preferably, the distal end of the stationary topi has 
substantially the same area as that of a distal end of the 
second tool portion of the rotary tool, and the stationary 
tool is formed such that the closer to a counter rotary tool 
15 side away from the distal end of the stationary tool, the 
larger the sectional area. When the distal end of the 
stationary tool wears, it can be cut and be used again. 

Preferably, the distal end of the stationary tool 
forms a curved surf ace . Thus, stress concentration to the 
20 members and the sink can be decreased. Even if the angle 
with which the stationary tool abuts against the members 
slightly differs, the stationary tool is received by a 
surface and not by a point or line. Therefore, variations 
in joining strength can be suppressed, and a stable joining 
25. quality can be assured easily. 

Preferably, the first tool portion has a shoulder 
which is concentric and with a decreasing diameter from the 
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first tool portion toward the second tool portion so as to 
form a step. Thus, three or more overlaid members or 
members with a large total plate thickness can be joined. 

Preferably, the joining apparatus further comprises 
5 a joining management unit comprising generated heat 

detection means for detecting a heat generating state of 
the members during joining, forced stated detection means 
for detecting a forced state of the rotary tool with respect 
to the members, joined state detection means for detecting 

10 a joined state of the members from the heat generating state 
and forced state, and checking means for checking whether 
the jdined state of the members is good or not from the joined 
state. Thus, the joined. state of the members can be managed 
during joining, and a separate inspection process becomes 

15 unnecessary. 

BRIEF DESCRIPTION OF DRAWINGS 

Figs. lA and IB are illustrations for explaining a 
joining method using frictional agitation according to an 
20 embodiment of the present invention; 

Figs. 2A and 2B are illustrations for explaining a 
conventional unfused joining method using frictional 
agitation; 

Fig. 3 is a view showing how joining is performed with 
25 a rotary tool having a projection with a length appropriate 
for joining three overlaid , members; 

Figs. 4A and 4B are views showing how joining is 



wo 02/078893 



- 9 - 



PCT/JP02/02172 



performed when three or more members are joined, while 
changing the time, by a rotary tool having a projection with 
a length appropriate for joining two overlaid members; 

Fig. 5 is a view showing how joining is performed when 
5 two overlaid members are joined by a rotary tool according 
to the embodiment of the present invention; 

Fig. 6 is a view showing how joining is performed when 
threie overlaid members are joined by the rotary tool 
according to the embodiment of the present invention; 
10 Fig. 7 is a view showing an influence on a member 

caused by pressurization of a stationary tool with a flat 

receiving surface; 

Fig. 8 is a view showing an influence on a member 
caused by pressurization of a stationary tool with a curved 
15 receiving . surface; 

Fig. 9 is a view showing the outer appearance of a 
rotary tool used for f r ictional agitation j oining according 
to an embodiment of the present invention; 

Fig. 10 is a view showing the outer appearance of a 
20 rotary tool used for f rictipnal agitation joining according 
to an embodiment of the present invention; 

Fig. 11 is a front view of a stationary tool used for 
f rictional agitation joining according to an embodiment of 
the present invention; 
25 Fig. 12 is a front view showing a rotary tool and an 

attaching bracket for the rotary tool; 

Fig. 13 is a schematic view of an articulated robot 
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which fixes and drives the rotary tool; 

Fig. 14 is a detailed view of the joining gun shown 

in Fig. 13; 

Fig. 15 is a flow chart for explaining a joining 
5 control method which uses frictional. agitation according 
to this embodiment; | 

Figs. 16A and 16B are flow charts for explaining a 
quality guaranteeing method in a frictional agitation 
joining method according to this embodiment; 
10 Fig. 17 is a flow chart for explaining the quality 

guaranteeing method in the frictional agitation joining 
method according to this embodiment; 

Fig. 18 is a graph showing the relationship between 
the pressure and the joining strength; arid 
15 Fig. 19 is a view for explaining the relationship 

among the position of the distal end of the tool, the 
tool-to-tool distance, and the flex amount of the gun arm. 

Othex objects and advantages besides those discussed 

above shall be apparent to those skilled in the art from 
20 the description of a preferred embodiment of the invention 
which follows. In the description/ reference is made to 
accompanying drawings, which form a part thereof, and which 
illustrate an example of the invention. Such example, 
however, is not exhaustive of the various embodiments of 
25 the invention, and therefore reference is made to the claims 
which follow the description for determining the scope of 
the invention. 
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BEST MODE FOR CARRYING OUT THE INVENTION 

The embodiments of the present invention will be 
described in detail with reference to the accompanying 

5 drawings. 

The embodiments to be described hereinafter are 
examples as means that implement the present invention. 
The present invention can be applied to those obtained by 
modifying, or deforming the following embodiments within a 

10 range not departing from its spirit. 

(Joining Method Using Frictional Agitation] 

Figs. lA and IB are illustrations for explaining a 
joining method using frictional agitation according to an 
embodiment of the present invention. 

15 As shown in Figs. lA and IB, the joining method shown 

in this embodiment is applied to joining plate-like members 
made of,, e.g. , an aluminum alloy. At least two members are 
overlaid, and a rotary tool 1 is pressed into a first member 
Wl on their outermost surface by applying a pressure to it 

20 while rotating (turning) it about its axis. Thus, the 
member textures of the first member Wl and a second member 
W2, which are overlaid on each other, are fused by a 
frictional heat and agitated, thereby joining them. 

. A stationary tool 10 is arranged to oppose the rotary 

25 tool 1 so. that the first and second members Wl and W2 are 
sandwiched by the stationary tool 10 and rotary tool 1, and 
such that the separation distance with respect to the rotary 
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tool 1 can be changed. 

The rotary tool 1 is a wear-resistant tool made of 
a steel stock (e.g., a carbide alloy) with a hardness higher 
than that of the members. The material of the members is 
5 not limited to an aluminum alloy and suffices as far as it 
is softer than the rotary tool 1. The Stationary tool 10 
is made of, e.g./ a steel stock or copper stock. 

More specifically, the rotary tool 1 has a projection 
3 projecting from a first shoulder 2 at its distal end. The 

10 projection 3 is pressed into the first and second members 
Wl and W2 with a predetermined pressure while rotating the 
rotary tool 1 with a preset rotational speed such that the 
first and second members Wl and W2 are sandwiched by the 
rotary tool 1 and stationary tool 10. As the projection 
.15 3 rotates in these members, the member textures around the 
projection 3 are cut to generate heat. Furthermore, the 
cuttings formed by cutting with the projection 3 are kept 
in the members by the two tools 1 and 10 and are agitated 
to collide against the surrounding member textures and the 

20 projection 3, thus generating heat. As the first shoulder 
2 is pressed in with the predetermined pressure and rotated, 
it generates heat to fuse the cuttings. Thus, while the 
plastic flow of the member textures around the first 
shoulder 2 is being promoted, the first shoulder 2 is held 

25 with a predetermined pressure and rotational speed for a 
predetermined period of time. As a result, the pressure 
per unit area is increased to increase the volume of the 
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plastic flow. When the rotary tool 1 is pulled out from 
the members while being rotated, the member textures which 
are in plastic flow are cooled and joined with each other. 
When this joining process is performed continuously^ 
5 the member textures attaching to around the projection 3 
in the previous cycle are fused, and are supplied by 
agitation as a material in the next cycle. 

At this time, the area of a receiving surface 11 of 
the stationary tool 10 is decreased, so while the^ pressure 

10 is incr.eased, heat dissipation to the stationary tool 10 
is suppressed, and the volume of plastic flow is increased, 
thereby increasing the joining force between the members. 

The joining method according to this embodiment is 
suitable for local joining of lap joints (e.g., the outer 

15 panel of the rear door and its reinforcement) for vehicle 
steel plates press-molded in advance into 
three-dimensional shapes . More specif ically, assume that 
members having complicated three-dimensional shapes due to 
press molding are to be joined at a plurality of discrete 

20 joining portions and that the rotary tool 1 cannot be moved 
continuously. In this case, if the joining method 
according to this embodiment is used, the members can be 
locally joined. Thus, joining is possible even after press 
molding. 

25 According, to this joining method, a welding current, 

cooling water, air, and the like used in conventional spot 
welding become unnecessary at all, so energy consumption 
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necessary for joining can be reduced greatly. Since units 
and facilities serving as the energy source as described 
above become unnecessary, the facility investment can be 

reduced greatly. 1 
5 A welding gun used in conventional spot welding can 

be used. Thus, abilities equivalent to or higher than in 
the prior art can be achieved easily regarding any one of 
the limitation on the joining members, joining strength, 
and production efficiency. 
10 Figs. 2A and 2B are illustrations for explaining a 

conventional, unf used joining method using frictional 
agitation. 

The conventional joining method shown in Figs . 2A and 
2B is identical to that of the present invention in its 

15 procedure of arranging first and second members Wl and W2 
so as to be sandwiched by a rotary tool 1 and stationary 
tool 10 ' and pressing the rotary tool 1 into the first member 
Wl at the outermost surface by pressurization while, 
rotating the rotary tool 1 around its axis, and is different 

20 from the present invention in that the member textures 
between the overlaid first and second members Wl and W2 are 
agitated while they are not fused by the frictional heat. 

The state of unf used agitation means that the metal 
textures are agitated by softening them by a frictional heat 

25 at a temperature much lower than the fusion point which is 
the lowest among those of respective components or eutectic 
compounds contained in the matrix. 
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According to the conventional joining method, since 
the metal textures are agitated in the unfused state,, 
problems such as a thermal strain occurring in electrical 
resistance welding and the like can be solved. 
5 On the other hand, because of unfused f rictional 

agitation, the rotational speed and pressure of the rotary 
tool 1 cannot be increased very high. As the area of that 
receiving surface 11 ' of the stationary tool 10 ' which abuts 
against the second member W2 is larger than that of a 

10 projection 3 projecting from the distal end of the rotary 
tool 1, the pressure is dispersed over the entire surface 
of the receiving surface 11' . Also, as the f rictional heat 
generated by rotation of the rotary tool 1 is dissipated 
over the entire surface of the receiving surface 11'/ 

15 joining takes time (e.g., 2 to 3 seconds). 

In contrast to this, according to the present 
invention, since frictional agitation is performed in the 
fused state, the rotational speed and pressure of the rotary 
tool 1 can be increased. Furthermore, the receiving 

20 surface 11 of the stationary tool 10 is formed to be smaller 
than at least the sectional area of the projection 3 of the 
rotary tool 1, so that heat dissipation is suppressed and 
the heat accumulation efficiency in the members is 
increased- As a result, fusion and plastic flow of the 

25 cuttings are promoted to shorten the time necessary for 
joining (e.g., to 0.3 to 0.5 sec). 

In addition, as shown in Fig. 3, the larger the number 
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of overlaid members, the larger the total thickness of the 
members, and accordingly the length of the projection 3 of 
the rotary tool 1 must be increased in accordance with the 
number of overlaid members. For examRle, as shown in 
5 Figs. 4A and 4B, assume that a rotary tool 1 having a 
projection 3 with a length appropriatJ^ for joining two 
overlaid members is applied to joining three overlaid 
members. In this case, if the joining time is shortened, 
the agitation amount of intermediate and lower members W2 

10 and W3 becomes insufficient, and a sufficient strength 
cannot be assured (see Fig. 4A) . Conversely, if the 
joining time is prolonged, the amount of decrease in plate 
thickness of an upper member Wl becomes excessively large, 
and a sufficient strength between the upper and 

15 intermediate members Wl and W2 cannot be assured (see 

Fig, 4B) . In either case, a tool which is used when the 
number of overlaid members is small cannot be used for 
joining a large number of overlaid members. 

In view of this, according to the present invention, 

20 as shown in Figs. 5 and 6, second and third shoulders 4 and 
5 are formed to be concentric and to have decreasing 
diameters from the distal end of a rotary tool 1 toward a 
projection 3 so as to form at least one step. Hence, while 
the length of the projection 3 is kept at the value 

25 appropriate for joining two overlaid members, three or more 
overlaid members or overlaid members with a large total 
thickness can be joined with each other. 
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The state of pressurization by the stationary tool 
10 during joining will be considered. With a stationary 
tool 10 having a flat receiving surface 11 shown in Fig. 1 , 
the stress is concentrated at a corner 12 of the receiving 
5 surface 11 / and the sink amount of the stationary tool 10 
into a member W increases. In view of this, according to 
the present invention, as shown in Fig. 8, the receiving 
surf ace. 11 of the stationary tool 10 is curved to form a 
smooth corner 12, so that stress concentration to the member 

10 W and the sink are decreased. As the result of forming the 
receiving surface 11 curved, even if the angle with which 
the stationary tool 10 abuts against the member W slightly 
changes, the stationary tool 10 is received not by a point 
or line but by a surface. Therefore, variations in joining 

15 strength can be suppressed, and a stable joining quality 
can be assured easily. 
[Tool Used for Joining] 

Figs. 9 and 10 are views showing the outer 
appearances of rotary tools used for f rictional agitation 

20 joining according to embodiments of the present invention. 
Fig. 11 is a front view of a stationary tool used for 
f rictional agitation joining according to an embodiment of 
the present invention. 

The rotary tool shown in Fig. 9 is used for joining 

25 approximately two overlaid members with a comparatively 
small total thickness. This rotary tool has a cylindrical 
first shoulder 2 (corresponding to a first tool portion) , 
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and a cylindrical projection 3 (corresponding to a second 
tool portion) with a diameter (or a sectional area) smaller 
than that of the first shoulder 2 and coaxially projecting 
from a distal end 2a of the first shoi^lder 2 . 
.5 The rotary tool shown in Fig. 10 is used for joining 

three or more overlaid members with a large total thickness, 
and has a cylindrical first shoulder 2, a cylindrical 
projection 3 with a smaller diameter (or a smaller sectional 
area) than that of the first shoulder 2 and coaxially 
10 projecting from a distal end 2a of the first shoulder 2, 
and cylindrical second and third shoulders 4 and 5 which 
are concentric and have gradually decreasing diameters from 
the first shoulder 2 toward the projection 3 as to form a 
step. 

15 In the rotary tool shown in Fig. 9, the diameter of 

the first shoulder 2 is set to about 5 mm to 13 mm, and that 
of the projection 3 is set to about 2 mm to 5 mm. 

In the rotary tool shown in Fig. 10, the diameter of 
the first shoulder 2 is set to about 13 mm to 16 mm, that 

20 of the second shoulder 4 is set to about 10 mm to 13 mm, 
that of the third shoulder 5 is set to about 5 mm to 10 mm, 
and that of the projection 3 is set to about 2 mm to 5 mm. 

To further improve the cutting performance and 
agitating performance, helical or parallel grooves may be 

25 formed in the outer surface of the projection 3. When 
helical grooves are to be formed, they may be formed in a 
direction in which the member textures are urged into the 
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members . . 

A stationary tool 10 shown in Fig. 11 has a 
large-diameter portion 13 which is tapered such that the 
closer to the counter rotary tool side. away from a receiving 
5 . surface 11, the larger the sectional area.. The receiving 
surface 11 (portion I) forms a curved surface with a 
curvature of about 30 mm to 50 mm so that it can absorb the . 
shift of a point where the pressure acts with respect to 
the projection 3. 

10 If the rotary tool is formed as shown in Fig. 10, when 

joining various types of overlaid membisrs and members with 
various total thicknesses, it can be performed without 
exchanging the topi, and a loss in joining time which occurs 
in conventional tool exchange can be reduced . As. the number 

15 of types of tools to be used is also reduced, costs for 
purchasing/machining the tool and for maintaining and 
managing the tool can be reduced. 

As shown in Fig. 11, in the stationary tool 10, the 
diameter of the receiving surface 11 is about 7 mm to 13 mm, 

20 that of the large-diameter portion of the large-diameter 
portion 13 is about 13 mm to 16 mm, and that of the 
small-diameter portion increases from the receiving 
surface 11 to the. large-diameter portion 13 in a taper 
mariner in accordance with the respective sizes. As the 

25 large-diameter portion 13 is tapered, when the distal end 
of the stationary tool wears, it can be cut and be used again. 
Fig. 12 is a front view showing a rotary tool and an 
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attaching bracket for the rotary tool. 

As shown in Fig. 12, a rotary tool 1 has a taper hole 
6 in its counter projection 3 side end face to be thinner 
toward its distal end. Rotation preveritive guide grooves 
5 7 are formed around the taper hole 6 equidis.tantly (e.g., 
at every 90" around the axis) The rotaijry tool 1 side end 
face of an attaching bracket 20 is tapered to be thinner 
toward its distal end, and rotation preventive guides 22 
to fit in the rotation preventive guide grooves 7 project 

10 around a taper surface 21 of the attaching bracket 20. 

The taper hole 6 and rotation preventive guide 
grooves 7 of the rotary tool 1 respectively fit with the 
taper surface 21 and rotation preventive guides 22 of the 
attaching bracket 20, so the rotary tool 1 and attaching 

15 bracket 20 are fixed with each other. Since the rotation 
preventive guide grooves 7 and rotation preventive guides 
22 fit with each other, the rotary tool 1 and attaching 
bracket 20 do hot rotate relative to each other. 

The attaching bracket 20 is formed such that when it 

20 is fixed with the rotary tool 1, they integrally form a shaft 
with substantially the same diameter of about 13 mm to 16 mm. 
The length of the attaching bracket 20 is set to match the 
members to be joined. A robot mounting portion 23 with a 
diameter of about 10 mm to 13 mm extends from the counter 

25 rotary tool side end face of the attaching bracket 20. The 
robot mounting portion 23 is attached to the motor shaft 
of an. articulated robot (not shown) through a holder or the 
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like, so it is driven to rotate together with the rotary 
tool 1. 

Fig. 13 is a schematic view of the articulated robot 
which fixes and drives the rotary tool. 
5 As shown in Fig. 13, an articulated robot 30 has first, 

second, and third arms 34, 37, and 39. The first arm 34 
is connected to a joint 32 formed on a base 31, swings about 
the y-axis, and rotates at a joint 33 about the z-axis. The 
second arm 37 is connected to the first arm 34 through a 
10 joint 35, swings about the y-axis, and rotates at a joint 
36 about the x-axis. The third arm 39 is connected to the 
second arm 37 through a joint 38, and swings about the 
y-axis. 

A joining gun 50 is attached to the distal end of the 
15 third arm 39. The rotary tool 1 is rotatably attached to 
the joining gun 50. A motor 51 for rotatably driving the 
rotary tool 1 and the stationary tool 10 opposing the rotary 
tool 1 are attached to the joining gun 50. The distance 
between the rotary tool 1 and stationary tool 10 can be 
20 changed by an actuator 52 . The pressure against the members 
during joining and the rotational speed of the tool are 
controlled, so three or more overlaid joining can be coped 
with. 

The operations of the respective arms, motor, and 
25 actuator of the articulated robot 30 are taught in advance 
and controlled by a robot controller 60 through a 
power/control cable 61. 
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Fig. 1.4 is a detailed vievf of the joining gun shown 
in Fig. 13. 

As shown in Fig. 14, in the joining gun 50, the 
stationary tool 10 is attached to a lower end arm 56, 
5 extending horizontally from the lower end of a gun arm 55, 
through an attaching bracket 57. 

A driving unit 58 for rotating the rotary tool 1 and 
driving it vertically is attached to the upper end of the 
gun arm 55. The driving unit 58 has a guide table 53 

10 vertically guided by a ball screw mechanism 54 driven by 
the vertical driving motor 52 as the driving source. The 
rotary driving motor 51 is fixed to the guide table 53 . The 
rotary tool 1 is attached to a rotating shaft 51a of the 
rotary driving motor 51 through a holder or the like, and 

15 opposes the stationary tool 10. 

The rotary tool 1 can be vertically moved by the 
movement of the guide table 53 which is moved by the vertical 
driving motor 52 and ball screw mechanism 54, and is 
rotatably driven by the rotary driving motor 51. 

20 According to this embodiment, defective joining 

caused by facility abnormalities is prevented by means of 
the control parameters of the above joining facility 
(joining gun, rotary driving motor, vertical driving motor, 
rotary tool, and the like) . The generated heat amount is 

25 calculated from the coefficient of kinetic friction of the 
members to be joined and the load (pressure, rotational 
speed, tool contact diameter, and the like) to be applied 
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to the members. The joining quality is checked during 
joining from the relationship between the generated heat 
amount and the forcing amount (amount of decrease in plate 
thickness) of the rotary tool into the members. All joining 
5 can be inspected in a nondestructive manner. Whether 
quality guarantee can be performed can be determined within 
the manufacturing line (in-line). 
[Joining Control] . 

A joining control method by means of frictional 
10 agitation according to this embodiment will be described. 

Fig.' .15 is a flow chart for explaining the joining 
control method by means of frictional agitation according 
to this embodiment . 

As shown in Fig. 15, in step iSl, suitable joining 
15 conditions are calculated, on the basis of the combination 
of the materials to be joined and the plate thickness^ by 
using a database where joining conditions such as the 
. rotational speed and pressure of the rotary tool, the 
joining time, and. the like are set in advance through 
20 experiments or the like. 

In step S3, rotary driving of the rotary tool is 

started. 

In step S5, the rotary tool waits for a preset 
rotational speed. If the rotary tool reaches the preset 
25 rotational speed, the flow advances to step S7 . The rotary 
tool is moved down to start pressurizing the members. The 
rotational speed of the tool is calculated from the encoder 
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value of the rotary driving motor. The pressure is 
calculated from the feedback current value of the vertical 
driving motor. The tool -to- tool distance between the 
rotary tool and stationary tool is calculated from the gun 
5 arm flex correction table preset in advance through 
experiments or the like and the encoder value of the 
vertical driving motor. 

In step S9, if the rotary tool reaches a preset 
pressure and it is detected from the tooi-to-tool distance 
10 that pressing of the projection of the rotary tool into the 
members is completed, the rotary tool rotates with its 
shoulder being in contact with the members, and generates 
heat. 

In step Sll, the tool distal end position (forcing 
15 amount) of the projection 3 with respect to the members is 
calculated. Simultaneously, in step S13, the load acting 
on the rotary tool is calculated. 

The tool distal end position (forcing amount) of the 
rotary tool is calculated from the tool-to-tool distance. 
20 The load acting on the rotary tool is calculated from the 
feedback current value of the rotary driving motor. 

In step S15, the amount of decrease in plate thickness 
of the upper member is calculated while monitoring the 
tool-to-tool distance. When the amount of decrease 
25 exceeds a predetermined reference value, the joining 

conditions (pressure, rotational speed) are corrected or 
changed, so that a decrease in plate thickness that might 
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lead to defective joining (decrease in joining strength) 
is reduced. Also, the joining conditions (pressure, 
rotational speed) are corrected or changed so as to match 
the tool distal end position of the rotary tool calculated 

5 in step S13. 

In step S17, under the joining conditions corrected 
(changed) in step S15, the joining process of steps S13 to 
S17 is held until reaching the joining time set in step. SI. 
When the joining time has elapsed, joining is completed. 

10 The above pressure is controlled by setting the 

relationship between the pressure at the distal end of the 
tool and the current value of the vertical driving motor 
required at that time on a table in advance, and calculating 
a pressure correction expression in accordance with this 

15 table. The feedback current of the vertical driving motor 
during pressurization is detected. The pressure can be 
calculated from the feedback current value and the pressure 
correction expression. 

As shown in Fig- 19, the tool distal end position 

20 (forcing amount) of the rotary tool is calculated by 

comparing the encoder value of the vertical driving motor 
at the reference position when the above deficiency is 
confirmed with the encoder value of this motor at the 
position where the rotary tool is currently located. The 

25 tool-to-tool distance is calculated in the following manner . 
The relationship between the pressure and the flex amount 
of the gun arm is set as shown in Fig . 19 on a table in advance . 
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The flex correction expression is obtained from this table. 
The pressure generated during joining is calculated from 
the feedback current value of the vertical driving motor 
and the flex correction expression. The flex amount of the 
5 gun arm obtained when pressurization is performed with this 
pressure is calculated from the flex correction expression . 
The tool-to-tool distance is calculated from the 
relationship between the flex amount of the gun arm and the 
tool distal end position of the rotary tool. 
10 In the above control operation/ the joining time may 

be changed in accordance with the load applied to the rotary 
tool . 

According to this embodiment, the joined state is 
detected from the tool distal end position and the load. 

15 The joining conditions (pressure, rotational speed, 

joining time) suitable for this joined state are controlled. 
Hence, plastic flow suitable for the combination of the 
materials to be joined and the plate thickness is caused, 
so that defective joining is decreased, and a stable joining 

20 quality can be assured. 

[Quality Guaranteeing Method] 

A quality guaranteeing method in the joining method 
using frictional agitation according to this embodiment 
will be described. 

25 Figs. 16A and 16B are fldw charts for explaining the 

quality guaranteeing method in the frictional agitation 
joining method according to this embodiment. 
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As shown in Figs. 16A and 16B, in step S21, before 
actual joining is started, the position where the 
projection 3 of the rotary tool 1 abuts against the member 
not through the member is calculated. 
5 In step S23, the abutting position calculated in step 

S21 is compared with the predetermined reference position, 
so that checking of a deficiency caused by the wear of the 
projection 3 of the rotary tool 1 is performed. 

Regarding the reference position, by using a new 
10 rotary tool 1 with no deficiency, the position where the 
rotary tool 1 comes into contact with the stationary tool 
10. and reaches the predetermined pressure is def ined as the 
reference position. When the abutting position exceeds 
the reference position by a predetermined amount, it is 
15 determined that a deficiency occurs. 

When it is determined in step S23 that the projection 
3 has a deficiency, the flow advances to step S25. It is 
determined that an abnormality occurs, and a subsequent 
robot operation is stopped. 
20 Through deficiency checking of step S23, if it is 

determined that no deficiency occurs, this program is 
started in step S27, and the joining process is started. 

In step S31, rotary driving of the rotary tool is 
started. 

25 In step S33, if it is determined from the encoder value 

of the rotary driving motor that the rotary tool has reached 
the preset rotational speed, the flow advances to step S37. 
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The rotary tool 1 is moved downward to start pressurizing 
the members . If the rotary tool 1 does not reach the preset 
rotational speed after the lapse of a predetermined period 
of time, this is determined as an abnormality in step S35, 
5 and a subsequent robot operation is stopped. 

In step S39, if the rotary tool has preached the preset 
pressure, it is rotated with its shoulder being in contact 
with the members, thus starting to generate heat. In step 
S43, the tool distal end position (forcing amount) of the 

10 projection 3 with respect to the members is calculated. 
Simultaneously, in step S45, the load acting on the rotary 
tool is calculated. If the rotary tool does not reach the 
preset pressure after the lapse of the predetermined period 
of time, this is determined as an abnormality in step S41, 

15 and a subsequent robot operation is stopped. 

The above pressure is controlled by setting the 
relationship between the pressure at the distal end of the 
tool and the current value of the vertical driving motor 
required at that time on a table in advance, and calculating 

20 a pressure correction expression in accordance with this 
table. The feedback current of the vertical driving motor 
during pressurization is detected. The pressure can be 
calculated from the feedback current value and the pressure 
correction expression. 

25 As shown in Fig. 19, the tool distal end position 

(forcing amount) of the rotary tool is calculated by 
comparing the encoder value of the vertical driving motor 



wo 02/078893 PCT/JP02/02172 

- 29 - 

at the reference position when the above deficiency is 
confirmed with the encoder value of this. motor at the 
position where the rotary tool is currently located. The 
tool-to-tool distance is calculated in -Bhe following manner • 
5 The relationship between the pressure and the flex amount 
. of the gun arm is set as shown in Fig". 1 9 on a table in advance . 
The flex correction expression is obtained from this table. 
The pressure generated during joining is calculated from 
the feedback current value of the vertical driving motor 
10 and the flex correction expression. The flex amount of the 
gun arm obtained when pressurization is performed with this 
pressure is calculated from the flex correction expression. 
The tool-to-tool distance is calculated from the 
relationship between the flex amount of the gun arm and the 
15 tool distal end position of the rotary tool. 

The load acting on. the rotary tool is obtained in the 
following manner. The reference currents for the 
respective rotational speeds are set on a table in advance 
from the relationship between the feedback current value 
20 of the rotary driving motor without any load and the 

rotational speed detected by the encoder of the rotary 
driving motor . A reference current calculation expression 
is obtained from this table. The load acting on the rotary 
tool is calculated from Expression 1 about the reference 
25 current obtained by this reference current calculation 
expression and the feedback current value of the rotary 
driving motor obtained during joining. 
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(Expression 1) 

(Load during joining) = (feedback current value of 
rotary driving motor during joining) - (reference current) 
In step S47 , the amount of decrease in plate thickness 
5 of the members caused by pressurization is calculated from 
the tool distal end position of the rotary tool and the 
joining characteristics file (see Fig. 18) stored in 
advance. 

In step 49 r the amount of heat generated by f rictional 
10 agitation is calculated from the load or pressure, the 
rotational speed of the tool, the surface resistance 
(coefficient of kinetic friction) of the members, and the 
contact diameter of the tool. 

In step S51, the joining quality is determined while 
15 monitoring the amount of decrease in. plate thickness and 
the generated heat amount. When joining is completed, if 
it is determined that the quality is unsatisfactory, 
defective joining is informed to the operator and is 
corrected. The amount of decrease in plate thickness 
20 determines the joining strength, since the remaining plate 
thickness after joining largely influences the joining 
strength. 

Regarding the amount of decrease in plate thickness, 
a value obtained by subtracting the tool-to-tool distance 
25 from the total plate thickness is the total amount of 

decrease in plate thickness. The total amount of decrease 
in plate thickness is multiplied by a ratio of decrease in 
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plate thickness { (amount of decrease in plate thickness of 
the upper member) / (total amount of decrease in plate 
thickness)}, thereby calculating the amount of decrease in 
plate thickness of the upper member . The amount of decrease 
5 in plate thickness of the lower member is calculated by 
subtracting the amount of decrease in plate thickness of 
the upper member from the total amount of decrease in plate 
thickness (see Expressions 2 to 4) , As the ratio of 
decrease in plate thickness, one obtained in advance 
10 through an experiment or the like is set in advance. 
(Expression 2) 

(Total amount of decrease in plate thickness) = 
(total plate thickness) - (tool-to-tool distance) 
(Expression . 3) 

15 (Amount of decrease in plate thickness of upper 

member) = (total amount of decrease in plate thickness) x 
(ratio of decrease in plate thickness) { (amount of decrease 
in plate thickness of upper member) / (total amount of 
decrease in plate thickness) } 

20 (Expression 4) . 

(Amount of decrease in plate thickness of lower 
member) = (total amount of decrease in plate thickness) 
- (amount of decrease in plate thickness of upper member) 
Fig. 18 shows the relationship between the pressure 

25 and the joining strength. Under joining conditions A, B, 
and C, when the joining strength exceeds its lower limit, 
it is determined that the quality can be guaranteed. When 
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the joining strength is less than its lower limit, it is 
determined that the quality cannot be guaranteed. 
[Joining Quality Determination Method] 

The joining quality. determination method in step S51 

5 will be described. 

Fig. 17 is a flow chart for explaining the quality 
guaranteeing method in the frictional agitation joining 
method according to this embodiment. 

As shown in Fig. 17/ in step S55, the generated heat 

10 amount calculated in step S49 is substituted, together with 

. the generated heat amount obtained through an experiment 
or the like, in a calculation expression of the area (or 
diameter or the like) of the joining portion, thereby 
calculating the area of the joining portion. 

15 Simultaneously, in step S53, whether the amount of decrease 
in plate/thickness calculated in step S47 falls within the 
preset reference value is checked. If the amount of 
decrease falls within the preset value, the strength of the 
area of the joining portion is checked in step S57. If the 

20 strength exceeds the reference value, the joining strength 
is difficult to assure, and it is determined that the 
quality cannot be guaranteed. Defective joining is 
informed to the operator, and is corrected. 

In determining the strength of the area of the joining 

25 portion in step S57, whether the area of the joining portion 
falls within the reference value is checked from the joining 
characteristics file (see Fig. 18) stored in advance. If 
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the area falls within the reference value, it is determined 
that the quality can be guaranteed, and joining is completed. 
If the area exceeds the reference value, the joining 
strength is difficult to assure, and it^is determined that 
5 the quality cannot be guaranteed. Defective joining is 
informed to the operator, and is corrected. 

As is apparent from Fig. 18/ as the pressure is 
increased, the joining strength starts to decrease at a 
certain point. P. This is because the amount of decrease 
10 in plate thickness increases to influence the joining 

strength. The joining conditions (pressure, rotational 
speed) are determined with reference to the point P where 
the joining strength starts to decrease as the reference 
value. 

15 According to this embodiment, defective joining 

caused by facility abnormalities can be detected by means 
of the control parameters of the above joining facility 
. (joining gun, rotary driving motor, vertical driving motor, 
rotary tool, and the like) . The generated heat amount is 

20 calculated from the coefficient of kinetic friction of the 
members to be joined and the load (pressure, rotational 
speed, tool contact diameter, and the like) to be applied 
to the members. The joining quality is checked during 
joining from the relationship between the generated heat 

25- amount and the forcing amount (amount of decrease in plate 
thickness ) . of the rotary tool into the members . All j oining 
can be inspected in a nondestructive manner. Whether 
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quality guarantee can be performed can be determined within 
the manufacturing line (in-line) . 

The present invention is not limited to the above 
embodiments and various changes and modifications can be 
5 made within the spirit and scope of the present invention. 
Theref ore, to apprise the public of the scope of the present 
invention the following claims aire made. 

Industrial Applicability 
10 [Continuous Joining] 

In the above embodiment, a case of overlaid joining 

has been described wherein the rotary tool 1 is pressurized 

against the joining portion and is not moved. 

Alternatively, two members may be abutted against each 
15 other, and be continuously joined to each other by moving 

forward or swinging the rotary tool 1 along the abutting 

surface . 

The joining technique of this embodiment can also be 
applied to surface treatment of a metal member • 

20 Surface treatment targets aluminum alloy castings, 

and is particularly used for a surface modifying treatment 
of a portion between adjacent ports (valve-to-valve 
portion) formed in the cylinder head of an automobile, a 
piston, or a brake disk. The surface modifying region of 

25 an aluminum alloy casting is fused by a f rictional heat and 
agitated, so that the metal textures become smaller, the 
eutectic silicon (Si) particles are uniformly dispersed. 
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and casting defects are . decreased. As a result, in the 
material characteristics such as thermal fatigue (low cycle 
fatigue) service life, elongation, and shock resistance, 
a result better than in the conventional! re-melt treatment 
5 can be obtained, 

A storage medium storing a computer program for 
performing the joining control method, joining 
guaranteeing method, and joining quality determination 
method corresponding to the flow charts of Figs. 15 to 17 
10 and program codes necessary for it may be supplied to the 
computer. The computer may read the program codes stored 
in the storage, medium and perform the process of the above 
embodiment. 
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CLAIMS 

1. A joining method using frictional agitation of 
rotating a rotary tool which has a first tool portion and 
a second tool portion with an area smaller than that of the 
5 first tool portion and projecting from a distal end of the 
first tool portion, overlaying first and second members 
with each other, and performing agitation with friction, 
thereby joining the first and second members, characterized 
by comprising 

10 urging and pressing the rotary tool into the first 

member from the second tool portion while the rotary tool 
is being rotated, 

cutting the member around the rotary tool by rotating 
the rotary tool in the member into which the rotary tool 
15 has been pressed, 

fusing; the cut member by agitation by the first tool 
portion with friction in the member, and 

extending the region to be fused to the second member 
to join the first and second members to each other- 
2Q 2. The joining method using frictional agitation 

according to claim 1, characterized in that when joining 
is ended, the rotary tool is retracted in a rotating state 
from the members. 

3. The joining method using frictional agitation 
25 according to claim 1, characterized in that a stationary 
tool is arranged to oppose the rotary tool so that the first 
and second members are sandwiched by the stationary tool 
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and rotary tool and such that a separation distance with 
respect to the rotary tool can be changed, and that distal 
end of the stationary tool which opposes the rotary tool 
is formed to have substantially the same area as that of 
5 a distal end of the second tool portion of the rotary tool. 
4. The joining method using frictio^nal agitation 
according to claim 1, characterized by further comprising 
the joining management step of detecting a heat generating 
state of the members during joining, detecting a forced 
10 state of the rotary tool with respect to the members, 
detecting a joined state of the members from the heat 
generating state and forced state, and checking whether the. 
joined state of the members is good or not from the joined 
state. 

15 5. The joining method using frictional agitation 

according to claim 4 , characterized in that a generated heat 
amount of the heat generating state is calculated on the 
basis of a coefficient of kinetic friction of the members 
and a load acting on the members, and a forcing amount of 

20 the forced state is calculated on the basis of an encoder 
output of a motor that vertically moves the rotary tool with 
respect to the members. 

6. A joining apparatus using frictional agitation of 
rotating a rotary tool, which has a first tool portion and 
25 a second tool portion with an area smaller than that of the 
first tool portion and projecting from a distal end of the 
first tool portion, overlaying first and second members 
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with each other, and performing agitation with friction, 
thereby joining the first and second members , characterized 

by comprising 

tool control means for urging and pressing the rotary 
5 tool into the first member from the second tool portion 
while the rotary tool is being rotated, cutting the member 
around the rotary tool by rotating the rotary tool in the 
member into which the rotary tool has been pressed, fusing 
the cut member by agitation of the first tool portion with 
10 friction in the member, and extending the region to be fused 
to the second member to join the first and second members 
to each other. 

7. The joining apparatus using frictional agitation 
according to claim 6, characterized in that a stationary 

.15 tool is arranged to oppose the rotary tool so that the first 
and second members are sandwiched by the stationary tool 
and rotary tool and such that a separation distance with 
respect to the rotary tool can be changed, and that distal 
end of the stationary tool which opposes the rotary tool 

20 is formed to have a sectional area smaller than at least 
that of a first tool portion of the rotary tool. 

8. The using apparatus using frictional agitation 
according to claim 7, characterized in that the distal end 
of the stationary tool has substantially the same area as 

25 that of a distal end of the second tool portion of the rotary 
tool, and the stationary tool is formed such that the closer 
to a counter rotary tool side away from the distal end of 
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the stationary tool, the larger a sectional area- 
9. The joining apparatus using frictional agitation 
according to claim 7, characterized in that the distal end 
of the stationary tool forms a curved^ surf ace. 
5 10. The joining apparatus using frictional agitation 
according to claim 7, characterized in ihat the first tool 
portion has a shoulder which is conceritric and with a 
decreasing diameter from the first tool portion toward the 
second tool portion so as to form a step. 

10 11. The joining apparatus using frictional agitation 
according to claim 6, characterized by further comprising 
generated heat, detection means for detecting a heat 
generating state of the members during joining, forced 
stated detection means for detecting a forced state of the 

15 rotary tool with respect to the members, joined state 

detection means for detecting a joined state of the members 
from the heat generating state and forced state, and 
checking means for checking whether the joined state of the 
members is good or not from the joined state. 
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